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Description

[0001] The present invention relates to a method for
obtaining a covalently functionalized graphene with an
organic molecule. The method comprises a first stage of
formation of defects/vacancies in the crystal lattice of a
graphene, which is carried out by soft bombardment of
noble gas ions under ultra-high vacuum conditions, and
a second stage of exposing said graphene surface to a
high partial organic molecule pressure.

[0002] Therefore, we understand that the present in-
vention falls within the electronics and chemicals indus-
try, particularly the industry dedicated to the manufacture
of electronic devices and sensors.

STATE OF THE ART

[0003] In recent years, graphene has emerged as a
technological revolution due to, inter alia, its spectacular
electron conducting and transport properties. Its multiple
characterizing properties include, namely, its chemical
inertia, which confers the graphene great stability and
prevents contaminating molecules from adhering to its
surface. However, the fact that graphene has great
chemical inertia makes the functionalization of its surface
a very difficult task.

[0004] It is especially important to be capable of func-
tionalizing the graphene surface with certain molecules
either to be able to manipulate the electronic properties
of graphene or to use said molecules bonded to its sur-
face as connectors for coupling other molecules with a
defined mission, since said functionalization of the graph-
ene surface would extend its use in fields such as engi-
neering of semiconducting materials, magnetic materials
with interest in spintronics and the dielectric industry, and
engineering of materials such as nano-biocomposites
with interest in the variation of its optical-plasmonic prop-
erties. In particular, a functionalization of the graphene
surface, keeping its electron conducting and transport
properties intact, would increase the technological per-
spectives of graphene, especially in applications in the
field of electronics. Graphene functionalization is expect-
ed to be an important step in the development of graph-
ene-based materials with tailored electronic properties.

DESCRIPTION OF THE INVENTION

[0005] The present invention relates to a method for
covalently functionalizing the surface of a graphene with
an organic molecule. The incorporation of organic mol-
ecules into the surface of a graphene makes it possible
to modulate the electronic and optical properties of the
graphene in a effective and controlled manner. The meth-
od comprises a first stage of formation of defects/vacan-
cies in the crystal lattice of a graphene which is carried
out by soft bombardment of noble gas ions under ultra-
high vacuum conditions, and a second stage of exposing
said graphene surface with an organic molecule.
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[0006] In the first stage of the method, a density of
monoatomic defects/vacancies in the crystal lattice of a
grapheneis created and, in a following stage of the meth-
od, organic molecules containing at least one amino
group, such as for example p-aminophenol, are adsorbed
on the surface of said graphene, whereupon only those
molecules that penetrate the defects of the crystal lattice
of the graphene are bound thereto. Specifically, the or-
ganic molecules are covalently anchored to the graphene
surface through the incorporation of the N of the amino
group into the vacancies/defects of the crystal lattice of
the graphene. After said functionalization, the conducting
properties of the initial crystalline graphene remain intact.
In afirst aspect, the presentinvention relates to a method
for obtaining a covalently functionalized graphene with
an organic molecule (hereinafter, the method of the in-
vention) comprising the following stages:

a) bombarding the surface of a system formed by
graphene and a non-metal substrate with a noble
gas ion beam at a pressure between 1-10-7 mbar
and 1-10-8 for a period of time between 30 s and 120
S,

wherein the system formed by graphene and a non-
metal substrate is located in the interior of a chamber
at an initial pressure below 1-10-9 mbar,

wherein the energy of the noble gas ions is between
100 eV and 140 eV, and

b) optionally, thermally treating the system obtained
in stage (a) at a temperature between 450°C and
550°C for a period between 5 min and 10 min,

(c) subjecting the graphene surface of stage (a) or
of stage (b) to an exposure to organic molecules
greater than 10 Langmuir.

[0007] In the present invention, "graphene" is under-
stood to be graphene obtained by any of the different
current graphene growth methods, such as growth in Va-
por Phase Epitaxy (VPE), in Liquid Phase Epitaxy (LPE),
by Molecular Beam Epitaxy (MBE) or by means of Metal-
Organic Chemistry Vapor Deposition (MOCVD).

[0008] In stage (a) of the method, the surface of a sys-
tem formed by a graphene and a non-metal substrate is
bombarded, i.e. the graphene covering a non-metal sub-
strate is bombarded. Non-metal substrates are chosen
from among the possible substrates to prevent shielding
of the graphene transport properties.

[0009] In the present invention, the graphene has
grown on a non-metal substrate or has been transferred
to anon-metal substrate. For example, the graphene was
able to grow on a metal substrate and was subsequently
transferred to a non-metal substrate.

[0010] Preferably, the graphene of stage (a) is a Single
Layer Graphene (SLG) obtained by Chemical Vapor
Deposition (CVD) on a non-metal substrate according to
Strupinski, W. et al. "Graphene Epitaxy by Chemical Va-
por Depositionon SiC." Nano Lett. 11, 1786-1791 (2011)]
[0011] Preferably, the graphene of stage (a) is quasi-
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free standing QFS-graphene obtained by interspersing
H under the carbon layer (buffer layer), according to
Tokarczyk et al. "Structural investigations of hydrogen-
ated epitaxial graphene grown on 4H-SiC (0001)." Appl.
Phys. Lett. 103, 241915 (2013).

[0012] In the present invention, "noble gas ion beam"
is understood to be a beam formed of noble gas ions
produced by a source of ions, selecting the source (gas)
and energy of these ions. The noble gases considered
inthe presentinvention are helium (He), neon (Ne), argon
(Ar), krypton (Kr) and xenon (Xe).

[0013] The method ofthe invention begins with a) bom-
barding the surface of a system formed by epitaxial
graphene and a non-metal substrate with a noble gasion
beam at a pressure between 1-10~7 mbar and 1-10-8 for
a period of time between 30 s and 120 s. To this end, a
system formed by epitaxial graphene on a non-metal sub-
strate is introduced in a chamber under ultra-high vacu-
um conditions, at a pressure below 1-10-2 mbar.

[0014] The distance from the source of the noble gas
ion beam to the graphene surface depends on the di-
mensions of the equipment used to implement the meth-
od. In a preferred embodiment of the method of the in-
vention, the distance from the source of the beam of said
noble gas ions to the graphene surface is between 5 cm
and 25 cm. More preferably, the distance is between 8
cmand 15 cm.

[0015] As mentioned earlier, the graphene is on a non-
metal substrate to avoid shielding the transport proper-
ties of the graphene, preferably selecting said non-metal
substrate from SiC, hBN, MoS,, TiO, and SiO,.

[0016] Furthermore, stage (a), i.e. the bombardment
of the graphene surface with a noble gas ion beam is
carried out with the system formed by a graphene and a
non-metal substrate under ultra-high vacuum conditions,
due to which said system is located in the interior of a
vacuum chamber. It is a soft bombardment, i.e. the en-
ergy of the noble gas ions is between 100 eV and 140 eV.
[0017] Inapreferred embodiment of the presentinven-
tion, the noble gas of stage (a) is argon at a pressure of
1-10-7 mbar.

[0018] The soft bombardment with noble gas ions of
the graphene surface of stage (a) induces the formation
of defects/vacancies in the crystal lattice of the graphene;
the formation of said graphene is activated in order to, in
a subsequent stage, in stage (c) of the method, anchor
organic molecules covalently to the graphene surface.
[0019] In stage (a) of the method, the formation of the
aforementioned defects can be monitored by measuring
the electric current produced in the system formed by a
graphene and a non-metal substrate. In the present in-
vention, the bombardment of stage (a) is soft, the electric
current measured in the system is between 1 pA and 2
pA.

[0020] In the present invention, "organic molecule" is
understood to be any molecule of organic origin contain-
ing at least one amino group in its structure.

[0021] Specifically, stage (a) of the method aims to an-
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chor the organic molecules containing at least one amino
group to the graphene surface. Anchoring takes place
through a N of the amino group in the defects/vacancies
formed in the crystal lattice of the graphene.

[0022] Preferably, the organic molecule is selected
from p-aminophenol, aminothiophenol and aminobenzo-
ic acid. Note that, for example, the p-aminophenol is
bonded to the graphene surface through its amino group
and not through its phenol group.

[0023] Stage b) of the method of the invention is op-
tionally the system obtained thermally in stage (a) at a
temperature between 450°C and 550°C for a period be-
tween 5 min and 10 min, for the purpose of degassing
possible traces of noble gas of stage (a) on the graphene
surface.

[0024] In stage (c) of the method, the surface of the
system formed by a graphene and a non-metal substrate
in stage (a) or in stage (b) of the method is subjected to
an exposure to organic molecules greater than 10 L
(Langmuir units), defined below.

[0025] Langmuiris a unit of exposure to a surface and
is commonly used in ultra-high vacuum surface physics
to define the adsorption of gases of said surface. The
Langmuir unit is defined by multiplying the pressure of
the gas by the time of exposure. One Langmuir corre-
sponds to an exposure of 10-8torr (1 torr = 1.33322 mbar)
for one second. For example, exposing a surface to a
gas pressure of 10-8 torr for 100 seconds corresponds
to 1 L. Another example would be to maintain an oxygen
pressure of 2.5 106 torr for 40 seconds, resulting in an
exposure of 100 L.

[0026] Therefore, in stage (c) of the method, the sur-
face of the system formed by a graphene and a non-
metal substrate in stage (a) or in stage (b) of the method
is subjected to an exposure to organic molecules greater
than 10 L (Langmuir units), wherein 1 L is the product of
multiplying the pressure of a gas (1.33322:10-% mbar) by
the time of exposure (1 s).

[0027] In stage (c) of the method, the system formed
by graphene and a non-metal substrate, obtained in
stage (a) or in stage (b) of the method, is at room tem-
perature.

[0028] In a preferred embodiment, the method of the
invention comprises the following stages:

a) bombarding the surface of a system formed by
graphene and a non-metal substrate with a noble
gas ion beam at a pressure between 1:10-7 mbar
and 1:10-8 for a period of time between 30 s and 120
S,

wherein the system is located in the interior of a
chamber at an initial pressure of a pressure lower
than 1-10-9 mbar,

wherein the energy of the noble gas ions is between
100 eV and 140 eV,

b) thermally treating the system obtained in stage
(a) at a temperature between 450°C and 550°C for
a period between 5 min and 10 min, and
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c) subjecting the bombarded graphene surface of
stage (b) to an exposure to organic molecules great-
er than 10 Langmuir.

[0029] In another preferred embodiment of the method
of the present invention, the graphene surface of stage
(a) was previously treated thermally to degas possible
pollutants physisorbed on said surface.

[0030] The thermal treatment is performed at a tem-
perature between 200°C and 350°C for a period between
10 min and 30 min.

[0031] The covalently functionalized graphene with an
organic molecule containing at least one amino group is
applicable in the electronics industry, particularly in the
industry dedicated to the manufacture of electronic sen-
sors and devices.

[0032] The fact that the conducting properties of the
graphene remain unaltered after the treatment is of spe-
cial relevance, since the high mobility of carriers at room
temperature is of special interest for their use as transis-
tors.

[0033] Furthermore, the field effects and quantum Hall
effects of the covalently functionalized graphene of the
presentinvention areimportantbecause the carriers trav-
el long distances without colliding with the atoms, such
that said graphene can be used as part of a spintronic
device.

[0034] Lastly, the good conductivity and stability of the
covalently functionalized graphene of the invention is crit-
ical to applications such as electrodes for supercapac-
itors and other devices aimed at energy storage. The
incorporation of organic molecules into the graphene sur-
face makes it possible to modulate the electronic and
optical properties of graphene in an effective and con-
trolled manner.

[0035] Inanother preferred embodiment of the method
of the present invention, said method also comprises an
additional stage (d) of depositing metal nanoparticles on
the product obtained in stage (c). Said stage (d) makes
it possible to use the functionalized graphene with an
organic molecule and subsequently with metal nanopar-
ticles (the product obtained after stage (d)) in applications
in the field of biosensors and optoelectronics.

[0036] In the presentinvention, the term "metal nano-
particles" refers to metal nanoparticles that can form a
strong bond with the organic molecule anchored to the
graphene surface. For example, they would be metal na-
noparticles that form a strong bond with a thiol group of
the organic molecule (see bond between the Au nano-
particles and the -S- of the aminothiophenol anchored to
the graphene surface). Examples of said nanoparticles
are Au, Ag, Cu, Pt, Rh, Fe, Co and any of their alloys.
[0037] In a more preferred embodiment of stage (d) of
the method of the present invention, stage (d) is carried
out by submerging the product obtained in stage (c) in a
metal nanoparticle suspension. It is a simple method
wherein the product obtained in stage (c), i.e. the func-
tionalized graphene with an organic molecule, is placed
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in contact with a metal nanoparticle suspension after be-
ing extracted from the interior of the vacuum chamber.
[0038] Inanother more preferred embodiment of stage
(d) of the method of the present invention, stage (d) is
carried out by means of sputtering. Without having to
remove the product obtained in stage (d) from the vacu-
um chamber, the metal nanoparticles are deposited by
means of sputtering under standard conditions for de-
positing metal nanoparticles.

[0039] Throughout the description and the claims, the
word "comprises" and its variants are not intended to ex-
clude other technical features, additives, components or
steps. For persons skilled in the art, other objects, ad-
vantages and characteristics of the invention may be in-
ferred from both the description and the embodiment of
the invention. The following examples and figures are
provided by way of example and are not intended to limit
the present invention.

BRIEF DESCRIPTION OF THE FIGURES
[0040]

FIG. 1 Shows images of the surface of the system
formed by a graphene and a non-metal substrate
after degassing obtained using a scanning tunneling
microscope (STM) at two different sizes (see scale
of 2 nm (a) and 10 nm (b)).

FIG. 2 Shows a spectrum obtained by X-ray Photo-
electron Spectroscopy (XPS) of the graphene sam-
ple on SiC after the preliminary cleaning carried out
to degas and clean the surface.

FIG. 3 Shows an XPS spectrum of system 1 (a) and
of system 2 (b).

FIG. 4 Shows STM images of the defects/vacancies
produced in the system after bombarding with Arions
at two different sizes (see scale of 2 nm (a) and 3
nm (b)).

FIG. 5 Shows STM images of the defects/vacancies
produced in the system after bombarding with Ar
ions.

FIG. 6 Shows STM images of system 1 at three dif-
ferent sizes (see scale of 3 nm (a), 6 nm (b) and 10
nm (c)).

FIG. 7 Shows AFM images of the graphene surface
after depositing gold nanoparticles (Au) and washing
them after deposition: (a) on a non-functionalized
substrate (b) on a substrate activated by bombard-
ment and functionalized with aminothiophenol.

EXAMPLES

[0041] The invention is illustrated below by means of
tests conducted by the inventors, that demonstrate the
effectiveness of the product of the invention.

[0042] The graphene-on-SiC system was prepared by
chemical vapor deposition on a SiC substrate and is lo-
cated in the interior of a chamber with a pressure below



7 EP 3 486 214 A1 8

1-10-9 mbar.

[0043] First, the surface of the graphene-on-SiC sys-
tem is cleaned by degassing the surface of said sample
by means of thermal treatment at 300°C for 15 min. Dur-
ing preliminary degassing, the pressure inside the vac-
uum chamber rises considerably, indicating that pollut-
ants that were adsorbed on the surface have been des-
orbed.

[0044] Figure 1 shows the images obtained using a
scanning tunneling microscope (STM) at two different
sizes (2 nm and 10 nm) corresponding to the surface of
the system after previously degassing the surface. Said
STM images show that the surface is clean, concluding
that the pollutants were properly desorbed.

[0045] Figure 2 shows the spectrum obtained by X-ray
Photoelectron Spectroscopy obtained for this system pri-
or to the bombardment, i.e. for the degassed graphene-
on-SiC surface. Said spectrum indicates that there is no
presence of nitrogen on the surface.

[0046] The system 1 is prepared by bombarding with
Ar ions using 1-10-7 mbar and exposing the surface to a
p-aminophenol flow at 10 L. Figure 3a shows the XPS
spectrum for the graphene surface of the system 1,
wherein the presence of nitrogen (N) is observed.
[0047] The system 2 corresponds to a system whose
surface has been exposed to a p-aminophenol flow but
has not been previously activated by bombarding with Ar
ions. Figure 3b shows the XPS spectrum corresponding
to this system. This spectrum shows that, when attempt-
ing to functionalize the graphene surface of the system
2, i.e. without having bombarded with Ar ions, p-ami-
nophenolis notanchored to the surface of said graphene.
[0048] The images obtained using a tunneling-effect
microscope shown in Figure 4, at two different sizes (2
nm and 3 nm), correspond to the surface of the system
1 and show the formation of defects/vacancies on the
surface thereof. In Figure 5, the vacancies/defects can
be observed in a peculiar manner, showing a three-axis
radiation appearance, typical of these defects.

[0049] Figure 6 shows the STM images obtained for
the system 1 at three different sizes (3 nm, 6 nm and 10
nm). It can be observed how the appearance of the struc-
tures on the surface is different to the images of Figures
4 and 5. The height of the nanostructures observed is
greater, indicating the anchorage of the p-aminophenol
molecule to the graphene surface.

[0050] In another example, the graphene is function-
alized with Au nanoparticles so they are covalently bound
thereto. To this end, the following method was used: 1
cm?2 of a non-functionalized graphene surface (Fig. 7a)
or functionalized with aminothiophenol (Fig. 7b) was in-
troduced in a plastic tube containing 2.5 ml of Au nano-
particle suspension (at 0.1 mg Au/ml). It was left for 15
hours without any type of stirring and after that time the
graphene sample was extracted from the suspension and
washed with distilled water. The sample was placed on
a Petri dish with 5 ml of distilled water and stirred for 15
minutes to remove all possible residues. Lastly, the sam-
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ple was washed with a water jet using a Pasteur pipette
and dried in an oven at 50°C for 2 hours.

[0051] Figure 7a shows the image obtained using an
atomic force microscope (AFM) after depositing particles
on its surface and washing them. This is the event in
which the nanoparticles were deposited after submersion
without activation of the surface with bombardment or
functionalization with molecules. In this event, after
washing, the surface has no traces of nanoparticles.
[0052] On the other hand, Figure 7b shows an AFM
image of the washed self-supporting graphene-on-SiC
surface wherein the activation of the graphene by bom-
bardment, functionalization with aminothiophenol and
exposure to Au nanoparticles has occurred sequentially.
In this case, we have observed that the Au nanoparticles
deposited and anchored by aminothiophenol resist more
than 20 wash cycles and thermal treatments of at least
250°C. This example is of great relevance to applications
in the field of biosensors and optoelectronics.

Claims

1. A method for obtaining a covalently functionalized
graphene with an organic molecule comprising the
following stages:

a) bombarding the surface of a system formed
by graphene and a non-metal substrate with a
noble gas ion beam at a pressure between
1-10-7 mbar and 1-10-8 for a period of time be-
tween 30 s and 120 s,

wherein the system is located in the interior of
a chamber at an initial pressure below 1-10-9
mbar,

wherein the energy of the noble gas ions is be-
tween 100 eV and 140 eV,

b) optionally, thermally treating the system ob-
tained in stage (a) at a temperature between
450°C and 550°C for a period between 5 min
and 10 min, and

c) subjecting the graphene surface of stage (a)
or of stage (b) to an exposure to organic mole-
cules greater than 10 Langmuir.

2. The method, according to claim 1, wherein, in stage
(a), the distance from the source of the beam of said
noble gas ions to the graphene surface is between
5 cm and 25 cm.

3. The method, according to claim 2, wherein, in stage
(a), the distance from the source of the beam of said
noble gas ions to the graphene surface is between
8 cm and 15 cm.

4. Themethod, accordingtoany of claims 1to 3, where-
inthe non-metal substrate is selected from SiC, hBN,
MoS,, TiO, and SiO,.
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The method, according to any of claims 1to 4, where-
in the noble gas beam of stage (a) is argon at a pres-
sure of 1-10-7 mbar.

The method, according to any of claims 1to 5, where-
in the organic molecule of stage (c) is selected from
p-aminophenol, aminothiophenol and aminobenzoic
acid.

The method, according to any of claims 1 to 6, com-
prising the following stages:

a) bombarding the surface of a system formed
by graphene and a non-metal substrate with a
noble gas ion beam at a pressure between
1-10-7 mbar and 1-10-8 for a period of time be-
tween 30 sand 120 s,

wherein the system is located in the interior of
a chamber at an initial pressure below 1-10-°
mbar,

wherein the energy of the noble gas ions is be-
tween 100 eV and 140 eV,

b) thermally treating the system obtained in
stage (a) at a temperature between 450°C and
550°C for a period between 5 min and 10 min,
and

c) subjecting the bombarded graphene surface
of stage (b) to an exposure to organic molecules
greater than 10 Langmuir.

The method, according to any of claims 1to 7, where-
in the graphene surface of stage (a) has been pre-
viously treated thermally at a temperature between
200°C and 350°C for a period between 10 min and
30 min.

The method, according to any of claims 1 to 8, that
further comprises an additional stage (d) of depos-
iting metal nanoparticles on the product obtained in
stage (c).

The method, according to claim 9, wherein stage (d)
is carried out by submerging the product obtained in
stage (c) in a metal nanoparticle suspension.

The method, according to claim 9, wherein stage (d)
is carried out by means of sputtering.
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